Abstract-The paper presents the results of experimental study of the effect of stresses resulting from off con tact load on variations in the friction torque and the coefficient of resistance to rolling in a force system com pared to a similar tribopair. The results are compared with the theoretical data obtained on the basis of the deformation approach to the analysis of friction. It is shown that the calculation estimates agree well with the experimental results both qualitatively (the regularities) and quantitatively (the numerical values). The error of the determination of the coefficient of resistance to rolling does not exceed 7%. The study results make it possible to formulate and solve the problem of the effective control over the friction force (coefficient) by varying cyclic (bending) stresses.
INTRODUCTION
In tribology the friction force, which arises during the friction of macroscopic objects, is assumed to depend on only one force factor, namely, the normal contact load [1] [2] [3] . In force or tribo fatigue systems, in which the stress strain state is caused by the effect of both the contact and volume loads excited in the same zone, the stresses and strains resulting from an off contact load form additional boundary conditions on the contact surface. This varies considerably the tribo logical characteristics. Theoretical studies [4] [5] [6] have shown that in a tribo fatigue system the resulting roll ing friction force (coefficient) in the tension zone declines compared to the pure rolling force (coeffi cient) under the simultaneous action of contact and off contact loads and, conversely, this force increases in the compression zone.
The aim of the study is to study experimentally the effect of the stresses resulting from off contact load on variations in the coefficient of resistance to rolling in a force system and a similar tribopair and to com pare the data with the results of the theoretical solu tions.
PROBLEM FORMULATION
The traditional approach to the determination of the friction coefficient is that the friction force and coefficient in the tribopair are assumed to depend only on the contact load (contact pressure ):
( 1) where F S is the friction force, τ W is the specific friction force, F N is the contact load, and p is the contact pressure. From the viewpoint of tribo fatigue, the friction coefficient in force systems is determined as a function of the contact pressure p and the cyclic stresses σ resulting from the off contact load:
According to the data of [4] [5] [6] , depending on the conditions of friction or testing it can be Վ (3) i.e., the cyclic stresses can either increase or reduce the friction coefficient.
In this work, we carried out the systematic compar ative analysis of relations (1)-(3) based on the experi mental results; all tests were performed under rolling friction conditions so that is the coefficient of resistance to rolling in the friction pair and is the coefficient of resistance to rolling in the force system.
A modification of the roller/shaft force system (steel 18KhGT/steel 18KhGT) was tested (Fig. 1) ; the test method was published earlier [7] . 
RESULTS OF TESTING THE STEEL 18KhGT/STEEL 18KhGT FORCE SYSTEM
This force system was tested using the developed method at three values of the contact stresses (p 0 = 2000 MPa, p 0 = 3200 MPa, and p 0 = 5600 MPa), which correspond to the range of elastic and elasto plastic deformations (see the dependence of the max imum contact pressure on the approach of the axes -insert in Fig. 2 ). The bending load Q was assigned stepwise 5 min after the beginning of the tests. The ini tial bending load was Q = 160 N (the bending stresses were σ a = 160 MPa). The increment of the bending stresses at each loading step was Δσ i = 40 MPa = const; the duration of the step was n i = 30000 cycles. The bending load was directed downwards to produce ten sile stresses in the contact zone and upwards to pro duce compressive stresses (see Fig. 1 ). The degree of slippage was constant during the tests and amounted to λ = 3%.
The test results are presented as the graphs of the dependence of the average coefficient of resistance to rolling (under various values of the contact stresses ) on the cycle stress amplitude σ a at the given load ing step (Fig. 2) . Sixty values of f σ obtained during the test at one loading step (10 min) correspond to each point on the graph at σ a = const; this provides a suffi cient accuracy of the results. The data presented in 0887 at p 0 = 5600 MPa (elastoplastic contact); i.e., the transition from elastic contact to elastoplastic results in a higher coefficient of resistance to rolling (by ~41.6% under the test con ditions).
(2) During the mechano rolling fatigue tests (roll ing friction + cyclic bending) the values of the coeffi cient of resistance to rolling in the compression zone diminish, as a rule. The increase in the bending stresses σ a to 640 MPa leads to the reduction of by 5.1% at p 0 = 2000 MPa, by 6.0% at p 0 = 3200 MPa, and by 0.9% at p 0 = 5600 MPa.
(3) Conversely, during the mechano rolling fatigue tests with friction occurring in the compression zone, the values of the coefficient of resistance to rolling grow. The increase in the bending stresses σ a to 640 MPa results in the rise of the coefficient by 11.7% at p 0 = 2000 MPa, by 5.6% at p 0 = 3200 MPa, and by 0.13% at p 0 = 5600 MPa.
(4) The most pronounced effect of the cyclic stresses on the coefficient of resistance to rolling occurs in the elasticity range ( = 2000 MPa). In transition to plastic contact, this effect weakens and the effect is weaker the greater the plastic strain.
ANALYSYS OF THE TEST RESULTS
It is shown in work [5] that the friction process in a force system is characterized by the parameter which is called the friction index. The following dependence of on the ratio is pro posed for sliding friction [6] : (4) where is the dimensionless parameter of the inter action of the damages caused by the contact and off contact loads (the frictional and mechanical stresses).
In the case of rolling friction, we replot the depen dences presented in Fig. 2 using the parameter (Fig. 3) . It is easy to see that all of the graphs shown in Fig. 3 can be approximated by the following linear equation of one type (5) where is the parameter characterizing the angle of the slope of the straight lines to the abscissa axis.
Analysis of the experimental data in accordance with equation (5) is presented in Table 1 . 
